A simplified method was developed for calculating the breakthrough curves in fixed-bed adsorption with two solutes under the constant pattern (CP) and the linear driving force (LDF) approximations, in which both external fluid film mass transfer and intraparticle diffusion resistances were taken into account. By comparing three design methods derived without the CP approximation, the LDFapproximation was found to be valid in the case of surface diffusion kinetics and also to hold approximately in the case of pore diffusion kinetics. The minimumcolumn length required to establish the constant pattern was estimated by two methods, one employing the CP approximation, the other not, and the minimumcolumn length was found to be estimated only by the simplified method. Experimental breakthrough curves were obtained for an aqueous solution of dodecylbenzenesulfonate and /j-nitrophenol and a gaseous mixture of benzene and toluene. They were compared with the breakthrough curves predicted by the simplified method.
Introduction
Fixed-bed adsorbers have been widely employed in processes for solvent recovery, gas separation, wastewater treatment and so on. Several design methods for fixed-bed adsorbers have been presented, but most are concerned with the single-component system. Lightfoot3) and Thomas and Lombardi16) , though they took into account only the intraparticle diffusion resistance. Cooney and Strusi4) also demonstrated that an analytical solution can be obtained for a special case in which the adsorption isotherm is expressed by the Langmuir equations and the ratio of the overall mass transfer coefficients of the two components is unity. Takeuchi et al. 16 ) presented a simplified method for calculating the break time and the length of adsorption zone, and showedexperimentally that the constant pattern holds in relatively long columns.
Although several methods have been presented, the accuracies and the interrelations of these methods have not been clarified.
Moreover, the validity of the LDF approximation has not been examined for binary component systems, and the conditions under which the CP approximation holds have not been examined.
In this paper a simplified method is presented for calculating the BTcurves by taking into account both intraparticle and external fluid film mass transfer resistances under the CP and the LDFapproximations. The Langmuir and the Freundlich type of adsorption isotherms are assumed in the development of the simplified method. The validity of the CP and the LDF approximations is examined by comparing the simplified method with the numerical solutions obtained without the CP and the LDF approximations. BT (1) and (2) are rewritten by introducing dimensionless concentrations, Xj and yj9 which are normalized by the values at the column inlet, Qo and qj0.
(a) Langmuir isotherm:
The parameters involved in the above equations are defined as follows :
sb the void fraction of the bed, pb the bed density, z the column length and t the time.
The following three models were employed to represent the rate of intraparticle diffusion.
Model I: pore diffusion kinetics (abbreviated asP)
Model II: surface diffusion kinetics (S)
Model III: linear driving force approximation (LDF) Equation (7) was solved numerically with the above three models for intraparticle diffusion. To identify the system the following dimensionless parameters were defined. <pf = kfl/kf2 (8) <f>s =ksl/ks2 (9) ZJ=kfjav/{k.Mq,-olCjo)} (7= 1, 2) (10) «=(WCao)/faio/Cio) (i i) where kfj (j=l, 2) is the fluid film mass transfer coefficient, av the specific particle surface area, and ksj is related to surface diffusivity Dsh or pore diffusivity Dvh as follows8} :
ksjav= l 5DsjPb/R* (12) or ksjav= 1 5Dpj(l -eOiCjo/q^/R2 (1 3) In this paper the parameter 3 is always selected to be greater than unity. Therefore the component having the larger adsorption coefficient always corresponds to component2. For the Langmuir isotherm system, 3 is equal to a2/a1. If the adsorption parameters, the parameter 3 and three of the four parameters d, £2, <f)f and <ps are given, the basic equations can be solved against the following dimensionless time and column length. 0 =kf2av(tsbz/u)lpb(q20/C20) (14) X= kf2avz/u ( 1 5) The three design methods developed in this section are abbreviated as NCP-P, NCP-S and NCP-LDF.
(5a) The abbreviation NCPmeans that the approximation (5b) of the constant pattern was not employed; P, S, and /r \ LDFrefer to the models of intraparticle diffusion. The basic equations for the NCP-P and NCP-S methods were solved by a procedure similar to that developed by Carter and Husain2), and those for the NCP-LDFmethod were solved by using an ordinary finite difference scheme with the boundary conditions given by Hsieh et al.n). For adsorption onto adsorbent particles in an isothermal fixed bed where radial concentration gradients and the effects of axial dispersion are assumed to be negligible, the mass balance equation for each component in the bed can be written as follows: t/(aQ/az)+e6(aQ/ao+^(3^/3O=o 0=1, 2) (7) where Qis the concentration in the bulk phase of the bed, q$ the average amount adsorbed over a particle, for the case in which the constant pattern (CP) is completely established. A distinct feature of the binary adsorption is that the concentration of component1, which has the smaller adsorption coefficient, exceeds the value at the column inlet because of the displacement effect of component 2, and reaches a constant value, xlm. The concentration distribution is divided into five zones according to Cooney and Strusi4) .
Since the concentration change in zone IV may be computed by single-component theories, the analysis is mainly concerned with the calculation of concentration change in zone II. In zone II the following equations hold from the fact that the travelling velocity of the adsorption zone of component1 is equal to that of component2 and is
Similarly, the following equation holds for component 1 in zone IV.
where qlm is the amount adsorbed in equilibrium with Therefore xlm is obtained as the point of intersection of Eq. (16) and the isotherm of component 1 corresponding to x2=0, which means that the following equations hold. The rate equations for this method can be written in dimensionless form as follows :
In the single-component system, the parameter rj was introduced to improve the LDF approximation13\
However, rj is omitted here, because it was difficult to VOL. 12 NO. 4 1979 (21) can be replaced by xx and x2 with the aid of Eqs. (16) and (17). The resulting equations were solved to obtain xx and x2 as
Eqs. (22) and (23) with regard to 0, and eliminating xx and x2 from the rate equations gives the following equations : and 0. The concentrations xu and x2i can be converted easily to xx and x2 by use ofEqs. (22) and (23). The detailed integration scheme of Eqs. (24) and (25) is presented in the Appendix.
(Zone IV)
The analytical solutions for the single-component system developed by the authors13) are applicable simply by changing the integral constants, though several parameters must be redefined. To determine the integral constants, the areas designated^i and s2 in Fig. 1 must be estimated by integrating the breakthrough curves of zone II. The final resulting equations are given in Table 1 for both Langmuir and Freundlich isotherms. They are represented by use of a general dimensionless time, 0T, and a general dimensionless column length, XT, which are defined by
XT =XI(l +Z2)
4. Calculated Results Figure 2 illustrates the differences between the con- The solid lines in Fig. 3 show the BT curves calculated by the NCP-LDF method at different column lengths for the same system as in Fig. 2 . It is seen that the constant pattern is virtually established at 1^=15; (XT)min is about 15 for this case. However, the NCP-LDFmethod is not so simple for practical applications. Therefore it is desirable to estimate (XT)min by the CP-LDF method alone. When the BT curves are calculated by the CP-LDF method at shorter column lengths at which the constant pattern is not completely established, the BT curves of zone II and zone IV intersect. The BT curves for XT=5and 15 in Fig. 3 show such intersections. As columnlength increases the x1 value at the points of intersection increases and reaches 0.99xim at Breakthrough curves were obtained under two different sets of experimental conditions (runs 1 and 2).
1 The validity of the LDFapproximation
The experimental conditions for each run are given in Table 2 . The intraparticle diffusivities, Dsj, were estimated in batch experiments by the procedure presented in the previous paper9\ The Dsj values corresponding to the experimental conditions are also given in Table 2 . The values Ci, C2 and <j>f listed in Table 2 were calculated by use of the Dsj values estimated and kfj obtained from the correlating equation of Carberry^. Figure 4 shows the experimental BTcurves for run 2, measured at four different column lengths. The maximum concentration of DBSincreases with increase of column length, and seems to reach a constant value at a column length of 100.5 cm. This indicates that the constant pattern held at this column length. In run 2, the in fluent concentration of each component was chosen so that DBSwould correspond to component 1, which is displaced by component 2 in zone Ltd.) with surface area (measured by the BET method using nitrogen at 77.5 K), particle density and particle radius of 844 m2/g, 0.92 g/cm3 and 0.183 cm, respectively. The air stream saturated with benzene and toluene was mixed with another air stream and introduced into the adsorption columns. The effluent gas was analyzed by gas chromatography to obtain the BT curves. The in fluent concentrations of benzene and toluene were varied by adjusting the flow rates where the subscripts B and T denote benzene and toluene, respectively. In this system toluene always corresponds to component 2, because aT is larger than aB.
By employing a longer bed and a smaller flow rate the fully developed BT curves under the constant pattern (run 3) was obtained. The experimental conditions for this run are also given in were estimated.
The Dsj values are also given in Table 2 . To obtain Ci, C2 and <f>f in In Fig. 5 (a) the BT curve for DBSis well predicted by the CP-LDF method, but a discrepancy appears in the portion of higher PNP concentration. The predicted BT curve for PNP in zone IV deviates from the experimental BT curve, although their shapes are similar. The shape of the BT curves is affected mainly by the mass transfer coefficients, whereas the relative position of the BT curves is determined by the adsorption isotherms. Therefore, the deviation is considered to derive from the uncertainty of the adsorption isotherms. As stated above, it is very difficult to obtain reliable adsorption isotherms for binary component systems, especially when great difference exists between the intraparticle diffusivities of the two components, which is the case in this system.
In Fig. 5(b) the BT curve for DBSis also well predicted by the CP-LDFmethod, but the shape of the predicted BTcurve for PNPis much steeper than that of the experimental BTcurve. This means that the intraparticle diffusivity estimated in the batch experiment is too large for PNP in run 2, because the BT curves become steeper as Ds increases. For run 1, however, the predicted BTcurve for PNPin zone IV was similar in shape to the experimental one, suggesting that the Ds value estimated in the batch experiment is reasonable when only PNP is present, as in zone IV. Therefore it was inferred that the shape of the BT curve of PNP in zone II for run 2 was greatly affected by the presence of DBS, which has a much smaller Ds value. To examine whether the calculated and the experimental BTcurves assumesimilar shape on decreasing the Ds value of PNP, the BT curves in zone 2 were data and the predicted BT curves, though a slight discrepancy appears in the portion of higher benzene concentration. One of the possible reasons why the discrepancy appeared is that the temperature in the adsorption column mayrise on account of the large value of heat of adsorption for benzene. The slope of the predicted BTcurve for toluene was a little steeper than that of the experimental BT curve, but no such significant difference was found as was found for PNP in Fig. 5(b) . The Ds values of this system differed by a factor of2.5. The broken lines in Fig. 5(c) show the BT curves predicted by the analytical solution, which will be presented in a separate paper14\ The solid lines and the broken lines almost coincided, showing that the analytical solution is also valid.
Although it maybe too hasty to draw conclusions from the cases examined here, the rate of intraparticle diffusion of the component of larger intraparticle diffusivity seems to be greatly suppressed by the slow rate of intraparticle diffusion of the other component (see PNPin run 2). This suggests that the mechanism governing the rate of intraparticle diffusion may be complicated when the intraparticle diffusivities of two components differ greatly. However, modification of the mechanismmay not be necessary whenthe intraparticle diffusivities differ by a factor of only two or three, which is the case in many practical applications.
Conclusion
A simplified method was developed for calculating the breakthrough curves of binary adsorption systems H^ipfiyu-dxu+d-l), H2=y2i-x2i
The initial conditions for Eqs. (A-l) and (A-2) are xli=xlm and x2i=0 at 0=0O (see Fig. 1 ). However, the right-hand sides of Eqs. (A-l) and (A-2) tend to zero at the initial conditions, so that integration cannot be started from there. To overcome this difficulty the integration was started from a small x2i value (10~B was employed here) and the corresponding xu value. To determine the xu value Eq. (A-l) was divided by Eq. (A-2) .
Hospital's rule was applied at the initial condition, xu =xlm and x2i=0, to obtain the initial value ofdxli/dx2i. Then the xu value corresponding to x2i= \0~h was obtained by the Runge-KuttaGill (R. K. G.) method. With the Freundlich isotherm, the terms dy2ijdx2i and dyli[dx2i tend to +00 and -00 at x2i=0, respectively. Therefore Eqs. (4a) and (4b) were approximated by the linear relations over the range x2i=0-10~5, then FHospital's rule was applied.
Equations (A-l) and (A-2) could be integrated with the modified initial conditions, x2i=10~6 and the corresponding xu value, by the R. K. G. method, but the result gives only the relation ofxu and x2i vs. 0NS (see Fig. 1 ). This must be converted to the relation of xi and x2 vs. 0. The concentrations xu and x2i can be easily converted to x± and x2 through Eqs. (22) and (23) (A-6) where sz is the area obtained by integrating the BT curve for component 2 as shown in Fig. 1 . The procedure presented above can be applied to other adsorption systems if the equations representing adsorption isotherms are differentiable. It can also be easily extended to systems of three or more components if the constant pattern approximation is valid in such systems. 
